Research in contextEvidence before this studyMajor depressive disorder (MDD) is primarily a disorder of emotion, and the amygdala is a critical brain region for both bottom-up and top-down processes of emotion generation and regulation. Dysfunctions of amygdala-related networks are associated with MDD, as revealed by resting-state functional connectivity (rsFC) studies in both adult and adolescent MDD patients. An important question is whether the amygdala-based network differs substantially between the two patient groups; however, this matter has not yet been resolved. Thus, the PubMed, Web of Science and EMBASE databases were searched for articles published before March 1st, 2018, to conduct a systematic and comprehensive meta-analysis, which may help to answer this question.Added value of this studyFor the first time, we showed the specific patterns of amygdala-based network abnormalities in adults and adolescents with MDD: adult-specific amygdala rsFC abnormalities compared with healthy controls (HC) were mainly located within the affective network (AN). Adolescent-specific rsFC abnormalities relative to HC were mainly located within the cognitive control network (CCN) and the default mode network (DMN). In addition, direct comparison between the two groups showed that adult patients, compared to adolescent patients, have strengthened amygdala rsFC with the right hippocampus/parahippocampus as well as the right inferior temporal gyrus and weakened amygdala rsFC with the bilateral insula.Implications of all the available evidenceOur findings may provide clinical treatment insights into the two groups. Alterations in adult patients are localized within the AN, which is also the target of standard antidepressants, presumably reflecting emotional dysregulation. Alterations in adolescent patients are especially prominent in networks involved in cognitive control, which provides a neural basis for the effect of cognitive behavioral therapy in this particular population.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Major depressive disorder (MDD) is primarily a disorder of emotion and is one of the most common psychiatric illnesses. This condition has affected \>350 million people worldwide and accounts for the largest proportion of the global burden of disease, according to WHO \[[@bb0005]\]. Even so, the pathophysiology of MDD is largely unknown.

As a pivotal component of the affective network (AN), the amygdala has been highlighted in the pathology of MDD \[[@bb0010],[@bb0015]\]. This structure is a hub in a wide range of emotion processing, including emotional perception, memory and regulation \[[@bb0020]\]. Dysfunctions of several amygdala-related circuits are associated with MDD, as revealed by resting-state functional magnetic resonance imaging (rs-fMRI), especially seed-based resting-state functional connectivity (rsFC, an excellent analysis to probe function of neural circuits \[[@bb0025],[@bb0030]\]) in recent years. For example, abnormal rsFC was reported, although with increased connectivity in some cases and decreased connectivity in others, within the amygdala-prefrontal circuit in adults with MDD \[[@bb0035],[@bb0040]\]. In adolescent MDD, amygdala rsFC was found to be increased within the occipital-parietal and postcingulate cortex (PCC)/precuneus areas and decreased in the hippocampal/parahippocampal region \[[@bb0045], [@bb0050], [@bb0055]\].

This inconsistency between adult and adolescent MDD patients might come from their inherent differences. Evidence has suggested that adolescent MDD may have different pathology from adult MDD. For instance, from a behavioral perspective, differences in the domains of cognitive control and affective cognition were reported between adolescent and adult patients with MDD \[[@bb0060]\]. In addition, a meta- and mega-analysis that integrated data from 20 worldwide cohorts reported distinct patterns of structural brain abnormalities between MDD adults and MDD adolescents \[[@bb0065]\]. Regarding functional brain abnormalities, studies have reported that adults with MDD demonstrated reduced activation in the striatum under affective processing task \[[@bb0070]\] and reduced activation in the dorsal medial prefrontal cortex during executive tasks \[[@bb0075]\]. Neural function studies in youth with MDD, however, have yielded findings that diverge from those in adults. A qualitative meta-analysis of this literature has noted hyperactivation in both the thalamus and the parahippocampus during affective processing tasks and hypoactivation in the cuneus and dorsal anterior insula during executive function tasks \[[@bb0080]\]. Thus, the question of whether amygdala-related circuits also differ substantially between adult and adolescent patients with MDD is a matter that is worth exploring.

Variability due to the different ages of the samples may obscure reliable amygdala rsFC abnormalities in MDD. Apart from age, existing studies that detected amygdala-based network dysfunction in MDD have inherent limitations, including small sample sizes (approximately 30 patients or fewer in the literature), which limits their generalizability and statistical power. In addition, the variable use of the left and right amygdala as a seed might also bring heterogeneity. For instance, one study showed a lateralized pattern in which hypoconnectivity of the left amygdala is associated with more regions, such as the ventral-lateral PFC, precuneus, and temporal areas, than that of the right amygdala in MDD \[[@bb0085]\]. Another study showed that the right amygdala had greater aberrant connectivity with other brain regions than the left amygdala had \[[@bb0090]\].

Neuroimaging meta-analysis is a powerful method to summarize findings across studies and can effectively address all the problems mentioned above. This method is also capable of distinguishing spurious results from replicable findings as well as synthesizing and integrating the vast amount of data from studies \[[@bb0095],[@bb0100]\]. Moreover, advances in neuroimaging meta-analytic methodology have made it possible to correlate imaging results with clinical characteristics \[[@bb0105]\] or directly and quantitatively compare different groups \[[@bb0110]\].

In the current study, we first conducted quantitative meta-analyses of adult and adolescent MDD groups separately to examine their specific amygdala connectivity abnormalities. Second, we performed a meta-analytic comparison to distinguish amygdala rsFC abnormalities in the two groups. Third, we performed a subgroup analysis using the left vs. right amygdala separately as seed regions to explore potential functional lateralization.

2. Materials and methods {#s0025}
========================

2.1. Literature search {#s0030}
----------------------

A comprehensive computerized search using the key search terms "depress\* AND rest\* AND connect\* AND amygdal\*" (\* = truncated) was conducted in the databases PubMed, Web of Science and EMBASE, covering the period before March 1st, 2018. Manual searches were also conducted within the reference lists of identified and review articles to obtain additional reports. Original articles employing rs-fMRI and using whole-brain, seed (amygdala)-based rsFC to compare MDD individuals with a healthy control (HC) group were eligible for inclusion. The exclusion criteria were as follows: (1) no depression group or no HC group; (2) participants diagnosed with bipolar disorder or subthreshold depression; (3) not amygdala-based whole-brain analysis (such as other rsFC methods: independent components analysis (ICA)); (4) comorbidity with other neurological diseases such as Parkinson\'s disease; (5) overlapping samples; (6) coordinates of brain regions with differences between MDD patients and HC were not available even after contact with the author. We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines \[[@bb0115]\], and the study selection procedures are summarized in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Flowchart of the identification of articles. Abbreviations: ReHo, regional homogeneity; ALFF, amplitude of low-frequency fluctuation; ICA, independent components analysis; fALFF, fractional ALFF; PD, Parkinson\'s disease.Fig. 1

The literature was searched and examined by two investigators independently.

2.2. Meta-analysis {#s0035}
------------------

The meta-analysis was performed using the anisotropic effect size version of the signed differential mapping (AES-SDM) software package (<http://www.sdmproject.com/software>), a powerful statistical technique using peak coordinates for meta-analyzing studies on differences in brain activity or structure. First, we organized the studies into two groups (adults, aged \>18 years, vs. adolescents, aged 13--18 years \[[@bb0120]\]) to identify the abnormal amygdala rsFC in adult MDD and adolescent MDD (relative to HC) separately. Second, selecting the reported peak coordinates ensures that only regions statistically significant at the whole-brain level are considered for inclusion in the meta-analysis. Third, both positive and negative coordinates are reconstructed on the same map, which is important for preventing a particular voxel from erroneously appearing to be significant in exact opposite directions \[[@bb0125]\]. The SDM approach assigns effect size (standardized mean for one-sample designs or standardized mean difference for two-sample designs) to each voxel, referred to as Hedge\'s d (or g) at the sample level. In this meta-analysis, a standard Montreal Neurological Institute (MNI) map of the rsFC difference (including positive and negative) was recreated for each included study separately using an anisotropic Gaussian kernel on the voxels close to the peak, which is optimized to recreate the effect size maps and maximize robustness \[[@bb0130]\].

Subsequently, a quantitative comparison of amygdala rsFC abnormalities between adult MDD and adolescent MDD was performed by calculating the difference between each MDD group in each voxel, and then standard randomization tests were used to establish statistical significance \[[@bb0135]\]. Next, a conjunction/disjunction analysis was conducted to examine brain regions of contrasting amygdala rsFC abnormalities across both adult and adolescent MDD groups by computing the union of the p values for each MDD group within each voxel while accounting for the presence of noise in the estimation of meta-analytic p values \[[@bb0130]\]. The meta-analysis uses a default threshold of p \< 0.005 with peak \|Z\| \> 1, as this setting was found to optimally balance sensitivity and specificity and to be an approximate equivalent to corrected p value = 0.05 (more accurately, 0.025) in SDM \[[@bb0125]\]. To improve the reliability of the results, we used a cluster extent of k \> 100.

Data extraction was conducted by two investigators and was double-checked.

2.3. Sensitivity analyses {#s0040}
-------------------------

A systematic whole-brain voxel-based jackknife sensitivity analysis was conducted to estimate the robustness of the results. This method discards a different study each time, one by one, and then repeats the analyses. If a significant brain region remains significant in all or most of the combinations of studies, this finding is highly replicable \[[@bb0105]\].

To examine age-dependent effects, we conducted meta-regression analyses with age as the regressor in two groups separately. The probability threshold was decreased to 0.0005, which is required to detect abnormalities both in the slope and in one of the extremes of the regressor, to minimize the detection of spurious relationships and discarded findings not in the main analyses \[[@bb0105]\]. Furthermore, we performed leave-one-out analysis for the meta-regression to examine the robustness of the results; in other words, one study was left out each time, and the meta-regression analysis was repeated in the remaining studies. We also conducted meta-regression analyses with the percentage of medicated patients and illness duration as regressors.

We further subdivided the two MDD groups into left amygdala seed and right amygdala seed subgroups to probe potential differences through a subgroup meta-analysis.

2.4. Publication bias {#s0045}
---------------------

For each significant cluster for MDD-HC comparison, Egger\'s test was used to assess the asymmetry of funnel plots to examine potential publication bias \[[@bb0140]\].

3. Results {#s0050}
==========

3.1. Included studies and sample characteristics {#s0055}
------------------------------------------------

Our search strategy yielded 21 primary studies that satisfied the inclusion and exclusion criteria described earlier. However, among these studies, two were about late-life depression; thus, they were not included in our meta-analysis. Altogether, 19 studies with 22 datasets (14 from adults and 8 from adolescents) including 665 MDD patients (392 adults and 273 adolescents) and 546 HCs (341 adults and 205 adolescents) were ultimately identified in this study. Detailed sample characteristics are shown in [Table 1](#t0005){ref-type="table"}.Table 1Demographic and clinical characteristics of the studies included in this meta-analysis.Table 1StudyMDD subjectsHCNMean age (SD), yearsFemale, N (%)Mean illness duration (SD), yearsDepression stateDepression severityMedication status (%)Comorbidity (N)NMean age (SD), yearsFemale (N, %)Samples from adolescentsKim et al., 2015 \[[@bb0055]\]2213.9(1.6)8(36)6(1.6)ActiveCDI: 40.0Medication-naïve (100%)Pure MDD2014.5(1.7)6(30)Pannekoek et al., 2014 \[[@bb0045]\]2615.4(1.5)23(88)NAActiveCDI: 18.6Medication-naïve (100%)Anxiety (18)2614.7(1.5)23(88.5)Peters et al., 2016 \[[@bb0315]\]2315.61(1.9)13(57)NARemittedCDRS-R: 26.91Medicated (52%)Anxiety (8)1015.8(1.99)7(70)Chattopadhyay et al., 2017 \[[@bb0320]\]8215.69(1.12)64(78)NAActiveSMFQ: 18.02Medication-naïve (100%)Pure MDD3415.73(1.44)27(100)Cullen et al., 2014 \[[@bb0050]\]4115.7(2)32(78)0.83(0.9)ActiveCRDS: 77Medication-naïve (73%)Anxiety (25)2916(2)22(76)Connolly et al., 2017 \[[@bb0325]\]4816.1(1.3)29(60)NAActiveCRDS: 70.2Medication-naïve (100%)Anxiety (14), PTSD (5)5316.1(1.3)33(62)Cullen et al., 2009 \[[@bb0330]\]1216.5(0.95)9(75)2.2(2.2)ActiveCRDS: 77Medicated (84%)Anxiety (10)1416.8(1.5)8(57)Straub et al., 2017 \[[@bb0335]\]1916.76(1.39)15(79)NAActiveCRDS: 55.91Drug-freePhobia (5)1916.35(1.47)15(79)  Samples from adultsZhang X et al., 2014 \[[@bb0035]\]3220.53(1.78)18(56)NAActiveCES-D: 38.03Medication-naïve (100%)Pure MDD3520.97(1.29)17(49)Jacobs et al., 2016(a) \[[@bb0340]\]1722.35(1.80)11(65)3.13ActiveHAMD: 18.65Medicated (36%)Anxiety (15)2621.15(1.49)14(54)Jacobs et al., 2016(b) \[[@bb0340]\]3421.06(1.54)25(74)7.97RemittedHAMD: 2.35Medicated (62%)Anxiety (12)2621.15(1.49)14(54)Ye J et al., 2017 (YA) \[[@bb0090]\]3424.15(2.84)17(50)NAActiveHAMD: 23.59Medication-naïve (100%)Pure MDD3524.8(2.14)18(51)Altinay et al., 2016 \[[@bb0345]\]1527(10)9(60)NAActiveHAMD: 20Drug-freeAnxiety (15), PTSD (1)1529(8)9(60)Deligiannidis et al., 2013 \[[@bb0350]\]828.62(5.93)8(100)NAActiveQIDS: 11.3Drug-freeAnxiety (4), PTSD (1)930.67(3.81)9(100)Tang Y et al., 2013 \[[@bb0040]\]2829.3(8.7)16(57)1.13(1.3)ActiveHAMD: 29Medication-naïve (100%)Pure MDD3030.1(8.4)15(50)Lui S et al., 2011 (NRD) \[[@bb0355]\]3232(10)11(34)1.83(1.5)ActiveHAMD: 23.0Medication-naïve (100%)Pure MDD4835(12)17(35)Wang Y et al., 2016 \[[@bb0360]\]2532.11(11.25)11(44)0.7(0.2)ActiveHAMD: 29.32NAPure MDD3533.28(8.83)16(46)Lui S et al., 2011 (RD)\[[@bb0355]\]2833(11)10(37.5)16.08(10)ActiveHAMD: 23.3Medication-naïve (100%)Pure MDD4835(12)17(35)Ramasubbu et al., 2014 \[[@bb0085]\]5536.5(10.4)33(60)4.19(5)ActiveHAMD: 21.41Drug-freePure MDD1932.89(9.97)11(58)Ye J et al., 2017 (OA)\[[@bb0090]\]3537.14(4.15)26(74)NAActiveHAMD: 23.69Medication-naïve (100%)Pure MDD4637.22(4.44)36(78)Yang J et al., 2017 \[[@bb0365]\]3544.54(11.15)35(100)2.68(3.8)ActiveHAMD: 28.29Drug-freePure MDD2339.09(14.3)23(100)Tahmasian et al., 2013 \[[@bb0180]\]2151(15)11(52)14.7(11)ActiveHAMD: 23.8Medicated (95%)Anxiety (6),somatization disorder (2),personality disorder (5)2049.6(13.9)11(55)[^2]

3.2. Abnormal amygdala rsFC in adult and adolescent MDD patients (vs. HC) {#s0060}
-------------------------------------------------------------------------

Adult MDD patients, relative to HC, presented significant hyperconnectivity of the amygdala with the right ventromedial orbital frontal cortex (vmOFC) and a large cluster that included the right hippocampus and parahippocampus ([Fig. 2](#f0010){ref-type="fig"} and [Table 2](#t0010){ref-type="table"}). Hypoconnectivity of the amygdala was observed with a large cluster centered at the bilateral insula and extending to the inferior frontal gyrus (IFG) and superior temporal gyrus (STG), the left caudate and a small piece of the left cerebellum ([Fig. 2](#f0010){ref-type="fig"} and [Table 2](#t0010){ref-type="table"}).Fig. 2Results of amygdala rsFC meta-analysis for, from top to bottom, adult patients with major depressive disorder (MDD) relative to healthy controls (HC); adolescent patients with MDD relative to HC (red, MDD patients\>HC; blue, MDD patients\<HC); and a comparison between MDD adults (vs. HC) and MDD adolescents (vs. HC) (violet, adult\>adolescent patients; green, adult\<adolescent patients); L, left; R, right.Fig. 2Table 2Meta-analysis results regarding regional differences in amygdala rsFC.Table 2Local maximumClusterJackknife sensitivityanalysisRegionMNI coordinatesSDM-Zp valueNo. of voxelsBreakdown (no. of voxels)Adult MDD vs. HC (No. of datasets: 14) Hyperconnectivity (MDD \> HC) R-parahippocampal gyrus26,0, −321.639\<0.00011206R-parahippocampal gyrus (391)14 out of 14R-hippocampus (199)R-amygdala (215)R-fusiform gyrus (257)R-temporal pole (144) R-vmOFC8,32, −201.367\<0.001434R-vmOFC (325)13 out of 14L-vmOFC (39)R-SFG (60) Hypoconnectivity (MDD \< HC) R-insula54,4,2−2.588\<0.0000051981R-insula (1070)14 out of 14R- IFG, pars opercularis (343)R-IFG, pars triangularis (441)R-temporal pole/STG (137) L-insula−46,20, −8−2.235\<0.000051292L-insula (498)14 out of 14L-IFG, pars orbitalis (327)L- temporal pole, STG (293)L-IFG, pars opercularis (89)L-IFG, pars triangularis (85) L-caudate nucleus−10, −6, 16−1.831\<0.001137L-caudate nucleus (100)12 out of 14L-thalamus (37) L-cerebellum−32, −66, −48−1.551\<0.005261L-cerebellum (261)13 out of 14Adolescent MDD vs. HC (no. of datasets: 8) Hyperconnectivity (MDD \> HC) R-precuneus10, −70, 261.528\<0.001388R-precuneus (152)7 out of 8R-cuneus cortex (96)R-calcarine fissure (89)L-precuneus (18)L-cuneus cortex (12)L-calcarine fissure (17) R-IFG, pars opercularis34,12,301.719\<0.0005192R-IFG, pars opercularis (135)7 out of 8R-IFG, pars triangularis (57) Hypoconnectivity (MDD \< HC) L-DLPFC−24,64,12−1.34\<0.0005306L-DLPFC (246)7 out of 8L-MFG (60) R-ITG52, −30, −30−1.033\<0.005142R-ITG (117)7 out of 8R-fusiform gyrus (25)Adult MDD (vs. HC) vs. adolescent MDD (vs. HC) Adult MDD \> adolescent MDD R-parahippocampal gyrus26,2, −321.299\<0.0005503R-parahippocampal gyrus (190)R-hippocampus (100)R-amygdala (115)R-fusiform gyrus (28)R-temporal pole (70) R-ITG52, −30, −301.15\<0.001276R-ITG (217)R-fusiform gyrus (59) Adult MDD \< adolescent MDD R-insula52,4,0−2.307\<0.00012232R-insula (742)R-rolandic operculum (393)R-IFG, pars triangularis (491)R-IFG, pars opercularis(479)R-temporal pole/STG (137) L-insula−40,18, −12−1.593\<0.005122L-insula (62)L-IFG, pars orbitalis (60)[^3]

Adolescent MDD patients, relative to HC, presented hyperconnectivity of the amygdala with the bilateral precuneus as well as the right IFG and hypoconnectivity of the amygdala with the left dorsolateral prefrontal cortex (DLPFC) as well as the right inferior temporal gyrus (ITG) ([Fig. 2](#f0010){ref-type="fig"} and [Table 2](#t0010){ref-type="table"}).

3.3. Amygdala rsFC comparison of adult vs. adolescent MDD patients (vs. HC) {#s0065}
---------------------------------------------------------------------------

Adult MDD patients demonstrated strengthened amygdala rsFC with the right hippocampus/parahippocampus and the right ITG but weakened amygdala rsFC with bilateral insula compared to adolescent patients ([Fig. 2](#f0010){ref-type="fig"} and [Table 2](#t0010){ref-type="table"}). Further analyses demonstrated that contrasting findings were also observed in the right parahippocampus (MNI coordinates: 26, 4, 32) and ITG (MNI coordinates: 46, 24, 24), where adolescent patients showed an increase in amygdala rsFC relative to HC, while adults showed a decrease (Fig. S2 in online supplements).

3.4. Meta-regression analysis {#s0070}
-----------------------------

The meta-regression analysis revealed that the age of adult-group MDD patients was negatively and significantly correlated with decreased rsFC between the amygdala and the right insula (peak voxel coordinate: 50, 14, −2; p \< 0.0001) ([Fig. 3](#f0015){ref-type="fig"}). That is, as age increases in studies including MDD patients, the rsFC between the amygdala and the right insula is predicted to decrease. This result remained significant in the leave-one-out analysis for all 11 combinations of studies preserved. There was no association between amygdala rsFC abnormalities and the ages of adolescent-group MDD patients. There is also no correlation between amygdala FC changes and the percentage of medicated patients or illness duration.Fig. 3Meta-regression results showing that the age of adult MDD patients is negatively correlated with the rsFC in the right insula (peak voxel coordinate: 50, 14, −2, *r* = 0.604, p \< 0.0001). In the graphs, the effect sizes needed to create this plot have been extracted from the peak of the maximum slope significance, and each dataset is represented as a dot, whose size reflects the sample size. Large dots indicate samples with 20--40 patients, and small dots represent samples with \<20 patients. The regression line (meta-regression signed differential mapping slope) is shown.Fig. 3

3.5. Subgroup analyses: left vs. right amygdala seed {#s0075}
----------------------------------------------------

In adult patients, we found increased left amygdala connectivity with a large cluster centered at the right hippocampus/parahippocampus as well as bilateral vmOFC and decreased left amygdala connectivity with the left insula extending to the IFG as well as bilateral STG. We also found increased right amygdala connectivity with the left lingual gyrus as well as the right temporal gyrus and decreased right amygdala connectivity with the left caudate, the left thalamus and the right IFG (Table S2 and Fig. S1 in online supplements).

In adolescent patients, we found increased left amygdala connectivity with the right IFG, pars opercularis and bilateral precuneus, as well as decreased left amygdala connectivity with the right precentral gyrus. We also found increased right amygdala connectivity with a wide range of the left temporal gyrus and decreased amygdala connectivity with the left DLPFC, bilateral anterior cingulate cortex (ACC), right lingual gyrus and right ITG (Table S2 and Fig. S1 in online supplements).

3.6. Jackknife analyses {#s0080}
-----------------------

In the adult MDD group, the jackknife sensitivity analyses showed that the results in the right hippocampus/parahippocampus and bilateral insula were highly replicable with all 11 combinations of studies preserved; in the adolescent MDD group, bilateral precuneus, the left DLPFC and the right ITG remained significant in all but one combination of studies. The large majority of results in subgroup analysis were robust under jackknife sensitivity analyses. In addition, among all studies, only two studies (one in each group) were performed on subjects in a remitted depressive state; therefore, we discarded those two studies and repeated the analyses. The results remained unchanged. The details are shown in Table S3--8 in online supplements.

3.7. Publication bias {#s0085}
---------------------

The results of Egger\'s test were nonsignificant (p \> 0.05 for all comparisons except one, Fig. S3--12 in online supplements), suggesting that there was no publication bias.

4. Discussion {#s0090}
=============

By conducting a comprehensive meta-analysis, we show for the first time the specific patterns of amygdala-based network abnormalities in adults and adolescents with MDD, thus providing novel information about within- and between-networks functional deficits beyond the effects reported in a previous meta-analysis \[[@bb0145]\]. We found that in MDD patients, adult-specific amygdala rsFC abnormalities were mainly located within the AN, including vmOFC, hippocampus/parahippocampus, insula and caudate, compared with HC. In contrast, adolescent-specific rsFC abnormalities were mainly located within the cognitive control network (CCN, i.e., DLPFC) and default mode network (DMN, i.e., precuneus and ITG) relative to HC. In addition, direct comparison between the two groups showed that adult patients have strengthened amygdala rsFC with the right hippocampus/parahippocampus as well as the right ITG and weakened amygdala rsFC with the bilateral insula relative to adolescent patients.

4.1. Adult-specific abnormal amygdala rsFC within the AN {#s0095}
--------------------------------------------------------

In MDD patients, adults-specific amygdala rsFC abnormalities were mainly within the AN, with increased amygdala rsFC with the vmOFC as well as the hippocampus/parahippocampus and decreased amygdala rsFC with the insula and caudate relative to controls. Dysfunction of the AN has been suggested to underlie the abnormal emotional and motivational regulation in MDD \[[@bb0150], [@bb0155], [@bb0160]\]. The vmOFC, via top-down regulation of the amygdala and ventral striatum (e.g., caudate), mediates emotion processing \[[@bb0165],[@bb0170]\]. Increased activation in the vmOFC and amygdala was simultaneously observed in adult patients with MDD during an emotional-regulation task \[[@bb0175],[@bb0180]\]. These findings suggest that depression is associated with sustained activation in brain areas responsible for top-down emotional regulation. In addition, decreased connectivity between the amygdala and the caudate has been reported to be strongly implicated in hopelessness and anhedonia, the debilitating symptoms of MDD \[[@bb0160]\].

Increased amygdala-hippocampus/parahippocampus rsFC was demonstrated in adult patients compared to HC. The amygdala is adjacent to the hippocampus within the medial temporal lobe, and they are richly connected with each other \[[@bb0185],[@bb0190]\]. A previous study suggested that amygdala-hippocampal connections facilitate several emotional-behavioral functions, especially emotional memory \[[@bb0195]\]. A study using a memory task showed greater amygdala-hippocampal connectivity in adult MDD patients than in controls during negative emotional memory encoding, but no group differences were found with neutral or positive memories \[[@bb0200]\]. Based on this research, our findings may be further proven that amygdala-hippocampal hyperconnectivity is related to the excessive concern of negative events in adult MDD patients.

Adult patients also demonstrated significantly decreased amygdala-insula rsFC compared to HC. Apart from its role in AN, the insula is considered a hub of salience network that detects salient events and interacts with other neural networks to generate appropriate response to salient stimuli \[[@bb0205],[@bb0210]\]. Reduced amygdala rsFC with insula has been observed in adults with MDD and is related to disrupted bottom-up salience processing of negative emotion. This type of disruption may result in weak self-awareness of negative feelings, thus leading to negative bias in MDD \[[@bb0085],[@bb0190]\].

4.2. Adolescent-specific abnormal amygdala rsFC in the CCN and DMN {#s0100}
------------------------------------------------------------------

Decreased amygdala rsFC within the cognitive control network (CCN, a network involved in cognitive and executive functions \[[@bb0210]\]) and incoordinate amygdala rsFC (both increased and decreased) within the DMN (a network involved in inner attention \[[@bb0215]\]) were observed in adolescents with MDD. These findings converge with a theoretical model in which adolescents with depression are inclined to become trapped in cognitive dysregulation and negative rumination \[[@bb0060]\]. Prior studies have centrally indicated the DLPFC, part of the CCN, in "top-down" cognitive control, from attention to emotion \[[@bb0220],[@bb0225]\]. DLPFC hypoactivation has been observed in adolescents with MDD when exerting cognitive inhibition during emotional processing, suggesting their cognitive vulnerability to depression \[[@bb0230]\]. Critically, decreased amygdala rsFC with CCN has been suggested as dysregulated top-down cognitive control from DLPFC to amygdala, standing for aberrant affective cognition processing among depressed adolescents \[[@bb0045]\].

The precuneus, which was hyperconnected with the amygdala in our findings, is linked to reflective self-awareness \[[@bb0215]\] and is reliably activated when instructed with self-related information in adolescents with MDD \[[@bb0235]\]. Critically, increased amygdala rsFC with precuneus has been frequently reported in MDD adolescents \[[@bb0050],[@bb0240]\], and this pattern has been related to rumination, a recursive self-referential thinking pattern with more responding to negative materials \[[@bb0245]\]. The ITG of DMN has also been implicated in social cognition and processing of perception and emotion \[[@bb0045],[@bb0250]\]. A prior study discovered that adolescent MDD patients demonstrated ITG structural deficits compared to HC \[[@bb0255]\]. Deactivated ITG has also been observed in depressed adolescents during facial emotion identification, and this is feature correlated with greater perceptual processing \[[@bb0240]\]. The up-mentioned patterns reflected biases toward internal thoughts that were more sensitive to external perception.

In summary, abnormal amygdala rsFC within networks implicated in cognitive control may underlie the characteristic affective-cognition abnormalities in adolescents with MDD. Because the maturation of brain regions supporting cognitive processes is protracted, these immature brain regions might be susceptible to psychiatric disorders, causing poor cognitive function in adolescent patients \[[@bb0260]\]. Evidence from a previous study suggests that cognitive dysfunction is a feature of adolescent MDD \[[@bb0265]\], which would be an important implication for the mechanism, prevention, and treatment of MDD in adolescents, or this reason that cognitive-behavioral therapy (CBT) has been recommended by clinical trial \[[@bb0270]\] and National Institute for Health and Care Excellence (NICE) guidelines in the United Kingdom \[[@bb0275]\] to be the first-line treatment for adolescents with MDD.

4.3. Differences in abnormal amygdala rsFC between adult and adolescent MDD patients {#s0105}
------------------------------------------------------------------------------------

The current study reveals two main significant differences in amygdala rsFC between adults and adolescents. First, the amygdala was hyperconnected to the hippocampus/parahippocampus and hypoconnected to the insula among adult patients with MDD compared with adolescent patients with MDD. The hypoconnectivity between the amygdala and hippocampus/parahippocampus has been reported in adolescent MDD patients, and this abnormality was associated with an increased level of general depression and a reduced sense of well-being \[[@bb0050]\]. Therefore, observed negative synchrony between these regions in adolescent patients compared with that in adults may fail to suppress spontaneously emerged negative encoding during rest in a more severe way. However, reduced amygdala rsFC with insula in adults with MDD compared to adolescent MDD may indicate more disruptions of bottom-up salience process and severe negative bias in adult patients \[[@bb0085],[@bb0190]\].

Second, our meta-regression analysis demonstrated that age-related differences in the two groups showed that increased age was correlated with decreased amygdala rsFC with the right insula in adult patients, while no such association between amygdala rsFC abnormalities and age was detected in adolescent MDD patients. This association may be because the human brain exhibits myelination and prolonged neural pruning well into young adulthood, and adolescence is a period with continued neural development \[[@bb0280]\], during which the networks may still be in an unstable state.

These differences indicated that adult and adolescent MDD involve different brain network abnormalities, which may provide insights into possible clinical treatment insight into the two groups. Alterations in adult patients are localized within the AN, which is also the target of standard antidepressants \[[@bb0285]\]; thus, adult patients might be more sensitive than adolescents to pharmacological treatments. Alterations in adolescent patients are especially prominent in networks involved in cognitive control, which give neural bases for the effect of CBT in this particular population \[[@bb0290]\].

4.4. Functional lateralization of the left vs. right amygdala {#s0110}
-------------------------------------------------------------

An additional finding of our study is the functional lateralization of amygdala connectivity in both adults and adolescents with MDD. Subgroup results from adults demonstrated that the left amygdala seed has rsFC with prefrontal-limbic regions, whereas the right amygdala seed demonstrated connectivity primarily with subcortical regions and occipital lobe. For adolescents with MDD, the left amygdala seed demonstrated connectivity mainly with IFG and precuneus/cuneus, while the right amygdala showed connectivity with widely distributed regions, including DLPFC, ACC, ITG, and lingual gyrus. Lateralization of amygdala activity has been explored in previous task-based meta-analyses \[[@bb0020],[@bb0295],[@bb0300]\]. In Bass\'s meta-analysis, more activity of the left amygdala than the right was observed during emotion processing \[[@bb0295]\]. Wager et al. also reported a pattern of amygdala activity lateralization, particularly under negative-value emotional stimuli \[[@bb0300]\]. While another task fMRI about adolescents found that only the right amygdala was activated when encoding emotional stimulus \[[@bb0305]\]. In addition, it has been reported that top-down regulation may involve only the left amygdala, while bottom-up response modulates both left and right \[[@bb0220]\]. Using only the left or the right amygdala as the seed or simply combining the results from both sides might overlook the potential difference in rsFC of unilateral amygdala, as discovered by our current study. Thus, we suggested that when performing seed-based FC analysis, the seeds on both the left and right hemispheres should be investigated simultaneously and using statistical methods to exclude hemisphere effects before combining the results.

4.5. Future directions {#s0115}
----------------------

Several challenges need to be noted when a new study is conducted in the future. First, there were too few studies probing treatment effects among MDD patients. Research has shown that pharmacological intervention may influence cerebral activity \[[@bb0310]\]; thus, future studies examining a cohort before and after treatment would be helpful to clarify the effects of treatment on amygdala rsFC and its possible association with treatment response. Second, only a few studies have examined the relationship between amygdala rsFC aberrations and depressive symptom severity. It will be important to explore the interaction between brain networks and clinical symptom severity of this disorder, especially in different age groups, to explore the phenomenon from the viewpoint of neuroplasticity point of view. Third, we found that most patients in previous studies had comorbid anxiety disorders, such as posttraumatic stress disorder or phobia; therefore, further studies should explore how this comorbidity might influence connectivity.

5. Conclusions {#s0120}
==============

In conclusion, we provided the first meta-analytic evidence that adult and adolescent patients with MDD have specific patterns of amygdala-centered rsFC abnormalities, which may also reflect the corresponding network dysfunction in MDD. Adult MDD-specific amygdala rsFC abnormalities within AN presumably reflected emotional dysregulation in MDD, whereas adolescent-specific amygdala rsFC abnormalities in networks involved in cognitive control might be relevant to affective cognition deficiency that is characteristic in adolescent MDD. Future studies that directly compare the adult and adolescent patient groups are needed to test our findings, examine changes in amygdala rsFC over development, and relate these changes to more specific patterns such as functional lateralization, comorbidities, symptom severity and treatment outcomes.
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